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Abstract 

Wc find line emission from the hydrogen- and/or helium- 
like ions of Ne, O, N and C in the low and short-on states 
of Her X-l, using the XMM- Newton Reflection Grating 
Spectrometer. The emission line velocity broadening is 
200 < a < 500 km s _1 . Plasma diagnostics with the 
NelX, OVII and NVI Hea lines and the radiative re- 
combination continua of OVII and NVII, indicate the 
gas is heated by photoionization, with an electron tem- 
perature of T = 6 ± 2 eV. We use spectral models to 
measure element abundance ratios of [N/O] = 9.5 ± 1.3, 
[C/O] j= 0.68 ± 0.16, and [Ne/O] - 2,4 ± 1.2 times solar 



transfer is being mediated by an accretion disk. Her X-l 
is unusually well placed for soft X-ray and UV observa- 
tions, since it is ~ 3 kpc above the galactic plane while 
at a distance of 6.6 ± 0.4 kpc (Reynolds et al. 1997). An 



orbital p eriod of P or b = 40 1 . 1 8 can be measured from X-ray 
eclipses ( Tananbaum et al. 1972 ). 

One of our main goals is to find the spectral signa- 
tures of a precessing accretion disk. The Her X-l system 
goes through high and low X-ray flux states in an al- 
most periodic fashion , with a — 35 d pseudo-period 
( Giacconi et al. 1973 ). Variability as a functio n of ijj has 
also been obse rved in the optical li ght curves (Gerend & 



tion an 



d high-density effects arc not differentiated by 



which rnmntify CNO processing in HZ Her Phntoevcita- Bqynton 1976j), X-ray pulse shapes (peeter et al. 199l|),X 



measured Hccv lines, as shown by calculations that use 

previous UV photometry. We set limits on the location 
of the line emission region, and find an electron density 
n e > 10 11 cm~ 3 . The narrow emission lines can be at- 
tributed to reprocessing in either an accretion disk atmo- 
sphere and corona or on the X-ray illuminated face of HZ 
Her. In the main-on state, the bright continuum only al- 
lows the detection of interstellar absorption, plus OVII 
Hca emission lines with a = 3200 ± 700 km s" 1 and com- 
plex profiles. Other broad lines may be present. The broad 
lines may originate in a region near the pulsar magneto- 
sphere. In such a case, periodic occultations of the Her 
X-l magnetosphere must occur with 35 d phase, consis- 
tent with the precession of the accretion disk. Fe L lines 
are not detected. 

Key words: X-rays: binaries — line: formation — line: 
identification — pulsars: individual — accretion, accre- 
tion disks 



1. Introduction 

In Her X-l, X-rays are being generated by the infall of 
plasma from a 2.3 Mq star (HZ Her) onto a 1.5 ± 0.3 Mq 
neutron star (Reynolds et al. 1997). The neutron star 

r?24 



4 b y the ray ^P s (Scott fe Leahy 1999| ), and X-ray spectra ( Ram- 



say et al. 2002 and this paper). The ^-phase has been 



pulsates in the X-ray band with period P pu i S e 
(Tananbaum et al. 1972). The thermal emission observed 



in the soft X-ray band, the large luminosity of the sys- 
tem (L = 3.8 x 10 37 erg s -1 ), and the observed broad UV 



associated with disk precession ( Petterson et al. 1991 
[Scott et al. 2000] ). Only a handful of other X -ray sources 
are known to exhibit such pseudo-periodicities, and Her 
X-l is the brightest of the group. The binary system is 
being observed nearly edge-on, at an inclination angle 
of i r-j 85°. Models of the disk atmosphere and corona 



(limcncz-Garate et al. 2001) show that its line emission is 
detectable, especially at large i and in binaries with large 
(~ 10 11 cm) disks. Her X-l is also a prime object to study 
the interaction of an accretion disk with a strong mag- 
netic field (B = 3.5 x 10 12 G fromldal Fiumc et al. 1998, 



Trucmper et al. 1978 ) 



emission lines ( Boroson et al. 1997 ), all indicate the mass 



2. Spectroscopy with R,GS 

Three observations with the XMM-Newton Reflection Grat- 
ing Spectrometer (RGS), during the low, short-on and 
main-on states, reveal recombination line and continuum 
emission in Her X-l. We find dramatic spectral changes 
through the 35 d cycle, including changes in the contin- 
uum, line fluxes, and line widths. The high resolution X- 
ray spectra unveil two new components inside the Her X-l 
system: 

1. A photoionized narrow- line region, with velocity broad- 
ening ~ 300 km s~ 4 . The density of this material is 
n c > 10 11 cm, with the lowest temperatures in the 
20, 000 < T < 70, 000 K range. We set an upper bound 
for the radius of this region of r < 10 12 cm, just outside 
the 3 x 10 11 cm Roche lobe radius. 

2. A photoionized broad-line region evidenced by OVII 
Hea lines with velocity broadening ~ 3, 500 km s _1 . If 
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the broadening is due to orbital velocity, this region is 
between 5 x 10 s < r < 3 x 10 9 cm. 
density of this region to be 10 16 < n, 



We estimate the 
cnT 



2.1. LOW AND SHORT-ON STATES: NARROW LINE EMISSION 

The low and short-on state spectra consist of a power- 
law continuum plus radiative recombination (RR) emis- 
sion. The brightest line features have a velocity broaden- 
ing 200 < a < 500 km s _1 . The count rate in the short-on 
is twice as that in the low state, for both continuum and 
most lines. The NVI, O VII, and NelX triplet ratios in- 
dicate the gas is photoionized (section |^) . The power-law 
continuum is probably due to Compton scattering of the 
neutron star X-rays in the accretion disk corona and/or 
on the face of the companion. 

The variation of the X-ray line flux with 35 d phase, 



vis-a-vis the expected accretion disk inclination from 3cott 



et aL (2000), suggests that at least half of the line emis- 
sion originates on the face of the companion. If the ac- 
cretion disk atmosphere and corona are the only source 
of X-ray lines, then we expect the outer-disk inclination 
id to be in disagreement with the Scott et al. (2000")| val- 
ues. As the disk precesses from j<j ~ 90° to i<j ~ 80°, 
the observed lines should increase their flux and broaden- 
ing, because the inner-disk becomes unobstructed by the 
outer-disk ([limcncz-Garatc ct al. 2001 ) . According to the 
id{ip) from Scott et al. (2000)| , the disk was more edge-on 
during the short-on than during the low state observation. 
If the line emission originates on the HZ Her, this can be 
explained by shadowing from the disk. 





2.2. The main-on: Magnetosphere emission? 

The main-on state in the 5-38 A band is dominated by a 
smooth continuum and a broad continuum "bump" pre- 
viously identified with Fe L line emission (see figure ^). 
Most of the soft X-ray continuum originates from repro- 
cessing on the disk, judging by its sinusoidal pulse profile. 
The sharply peaked pulse profile observed below ~ 10 A 
( Ramsay et al. 2002 ), indicates the emission region is com- 
pact (< 10 8 cm), and near the neutron star. The 10-15 A 
"bump" does not contain any obvious Fc L lines. The con- 
tinuum shape is complex and has not been successfully 
fitted yet with a model. 

Weaker, discrete spectral features are present as well. 
A surprisingly broad O VII Hea line complex, with a = 
kms -1 , is centered on the i line, and is consis- 
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tent with the line ratios observed in the low and short- 
on states. A weaker, similarly broad NVII Lya line may 
also be present. High density plasma funneled out of the 
disk by the magnetic field forms a magnetospheric shell 
which may produce recombination emission as it is blasted 
by pulsar X-rays. If the magnetospheric ions are fully 
stripped of electrons, photons which are Compton scat- 
tered by those electrons may illuminate the neighboring 



Figure 1. The added RGS spectrum of low and short-on 
state observations (of 12 and 13 ks). The bin size is 18, 
21, 23, 25, and 27 mA for each successive frame, from 
short to long wavelengths. 



disk and produce recombination (see figure |). A ls-2p 
resonant absorption feature from atomic O is detected. A 
neutral O edge is mostly instrumental in nature. The sec- 
ond order effective area also seems overestimated by the 
calibration below ~ 10 A, if we take the first order as refer- 
ence. There is marginal evidence for a complex line shape, 
possibly a P Cygni with v > 2000 km s" 1 , in O VIII Lya 
(figure ^|). P Cygni profiles for winds with velocities of 



v ~ 800 km s have been found by Chiang (2001) in the 
UV. The upper bounds for the fluxes of unresolved lines 
are below those observed in the low and short-on states, 
for many of the lines (see figure 0) . This may be due to an 
orbital phase (<j>) dependence of the line fluxes, since the 
main-on observation was performed at <f> ~ 0.22, while 
the other two observations were obtained at (j> ~ 0.50, 
suggesting the narrow lines originate on HZ Her. 
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Figure 2. High-resolution spectrum with RGS 1 (his- 
tograms with error bars) in the main-on state observa- 
tion at orbit 207 (11 ks). The power-law continuum model 
(thick-line histograms) is meant to emphasize the "bump" 
at 10-15 A. Both first (black) and second order (red) spec- 
tra are shown. 
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Figure 3. Sketch of the hypothetical inner region of the ac- 
cretion disk and its interface with the magneto sphere. The 
broad line region coincides with the magnetosphere or the 
neighboring disk. The 1 keV "bump" could be an absorp- 
tion complex from the photoionized gas at the base of the 
magnetosphere, which can be observed at high inclination. 
P Cygni profiles may form in the disk wind for optically 
thick lines (i.e. OVIII Lya). The disk is warped and its 
scale height increases with radius (not shown). The scale 
is ~ 10 9 cm (neutron star radius ~ 10 6 cm). 

3. Plasma Diagnostics 
We use five kinds of spectral diagnostics: 

1. The G ratio in He-like ion line triplets. The triplet 
consists of a resonance (r), intercombination (i) and 
a forbidden (/) line. The plasma is found to be domi- 
nated by photoionization since the G = (i+f)/r — 4.2. 
In contrast, collisional plasmas have G ~ 1 (Liedahl 
1999Q 



The R — f/i line ratio as density diagnostic in He- like 
ions. When the density is higher than some threshold, 
R — ► 0, while in the low density limit, R ~ 4 (Porquet 



fe Dubau 2000] ). We observe R < 0.1. 
The R ratio as UV radiation probe in He- like ions. Ex- 
citation by UV photons can also ex plain R — > flMewe 
fe Schrijver 197^ , |Kahn et al. 200lj) . We find photoex- 
citation competes with electron impact excitation. Us- 



< 10 12 cm for the radius of the line emission region. 
Temperature diagnostics with the radiative recombina- 



tion continuum (RRC) ( [Liedahl fe Pacrcls 1996[ ). The 
width of the RRC is proportional to the electron tem- 
perature. For O VII and N VII, we find kT = 4 ± 2 eV 
and kT = 6 ± 2 eV, respectively. Model calculations 
with XSTAR v.2.1d ( [Kallman fc McCray 1982] ) show 
2 < T < 4 eV for N VII and O VII. 
5. Using the ionization parameter, and assuming thermal 
and ionization balance in the optically thin case, we 
constrain the density to n e > 4 x 10 11 cm -3 for the 
narrow line region, and 4 x 10 16 < n c < 10 19 cm -3 for 
the broad line region of the main-on state. We use the 
limits on the distance to the pulsar that we set from 
photoexcitation and from velocity broadening. 

4. Emission measure analysis 

This analysis allows us to measure or set limits on the 
density, geometry, and element abundances of the emission 
regions. We use plasma and spectral models together with 
a phenomenological emission measure distribution to fit 
the observed line fluxes. The emission measure, EM = 
J n^dV , equals the volume times the density squared. The 
EM is proportional to the recombination line flux. The 
EM may vary as a function of the ionization parameter 
£ = L/n e r 2 . To fit the line fluxes, we need the differential 
e mission measur e DEM = d(E M) / d(\og 10 £) (as defined 
in |Licdahl 1999 ). We use recombination rates calculated 
by Liedahl ( private communicatio n) with the HULL AC 
atomic code ( Klapisch et al. 1977 ). 

In one model, the emission measure is constant with re- 
spect to £, while in a second model, we let the DEM vary 
as a power law of £. The results of model 1, shown in fig- 
ure | , show that element abundance ratios differ from the 
solar values. The DEM of N and O is seen to depend on 
the charge state, invalidating model 1. The line flux vari- 
ability, however, is well-represented by figure |[ Unlike the 
fia,t-DEM model 1, the power-law DEM model 2 achieves 
self-consistency, and from it, element abundance ratios are 
extracted. We find [C/O] = 0.68 ±0.16, [N/O] = 9.9 ±1.3 
and [Ne/O] = 2.4 ± 1.0 times sol ar for the low state d ata, 
using the solar abundances from Wilms et al. (2000). Ni- 



trogen is significantly enriched, indicating CNO processing 
in HZ Her. A lower limit of n G > 10 14 cm~ 3 is estimated 
from model 1 for the broad line region, by using the max- 
imum volume deduced from velocity broadening. 



5. Conclusions 

The X-ray emission lines from Her X-l are weak, but they 
provide a wealth of information on gas which is too hot to 
observe at other wavelengths and which may be very close 
to the neutron star. By use of models, the X-ray spectrum 
yields more accurate element abundance ratios between 
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Figure 4- The differential emission measure (DEM) for 
the line emission detected at various Her X-l states, ver- 
sus the ionization parameter which maximizes the line 
power. We create a model with a flat DEM from 0.0 < 
log 10 £ < 3.5. Upper limits for the DEMs of unresolved 
lines in the main-on are denoted by triangles. 



C, N, O, and Ne, constraining the historical nuclear burn- 
ing in HZ Her. The temperature can be measured, and 
limits on the density and geometry of the gas are set. 
Two dynamically distinct photoionized regions are identi- 
fied. A low dispersion velocity region may be the accretion 
disk atmosphere and corona, or the illuminated face of HZ 
Her. The high dispersion velocity region, albeit weakly de- 
tected, may be dense material in the magnetosphere or its 
neighboring inner-disk. 

The high resolution X-ray spectrum of Her X-l varies 
dramatically with 35 d phase, presumably due to the pre- 
cession of the accretion disk. This spectral variability may 
help us determine the inclination-dependence of spectra 
from other X-ray binaries with disks. 

Many features known to be present in the spectrum 
of photoionized gases have not been detected due to the 
low signal-to-noise of these data. In particular, the Ly- 
man series lines provide constraints on the column density 
and line optical depth, and accurate measurements of the 
RRC verify the validity of the plasma equilibrium calcula- 
tions used here. This will allow us to identify the source of 
the line emission and further investigate the environment 
around accreting neutron stars. 
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